Abstract-This article proposes an application of the EXCELL model to microwave local multipoint distribution systems. With EXCELL, validated in many years of observations with a meteorological radar, rain is modeled by a population of exponentially-profiled raincells. Their statistics can be made to honor any given rainfall cumulative distribution function. It is, thus, possible to simulate synthetic precipitation events so that rain effects on various radio link topologies (point-to-point or multipoint) can be evaluated on each event. Both copolar and crosspolar effects were modeled, and the C/I and C/N statistics were evaluated for a large number of events.
I. INTRODUCTION

D
UE TO the growing demand for broadband services, local multipoint distribution systems (LMDS) are being introduced worldwide. Such wireless systems (an example of which is schematized in Fig. 1 ) enable operators to integrate different classes of services in the so-called "last mile" (i.e., telephony, broadband Internet access, and virtual private networking), and they are particularly attractive because of their fast deployment and high spectral efficiency. Most of the current LMDS systems operate in the 24-31-GHz frequency bands, and plans have been made to exploit the 32-and 42-GHz bands in the near future. In all these bands, where line-of-sight (LOS) is necessary, adverse propagation effects due to hydrometeors are particularly harmful.
An additional uncertainty rises from the cellular deployment of LMDS. In such systems, indeed, it is not sufficient to evaluate tropospheric effects on single-link basis (as with conventional terrestrial point-to-point radio hops). Considering the colocation of many radio links in congested areas and the consequent interlink interference, the spatial characteristics of rain over areas of various extensions must be taken into account. Recent studies [1] , [2] have emphasized the suitability of reliable spatial rain models for use in LMDS applications. In the present work, we show how one of these models, the physical raincell method EX-CELL [3] sidering the effects of both copolar and cross-polar (XPD) signals on the carrier-to-interference ratio (C/I) statistics.
II. ERICSSON MINI-LINK BAS
Ericsson's MINI-LINK BAS is a TDMA/FDD point-to-multipoint system. It operates in the 24-31-GHz bands, using C-QPSK modulation over 28-MHz channels. Over-the-air capacity is 37.5 Mbit/s, symmetrical. The duplex distance (frequency spacing between TX and RX) may vary according to local standards; typical values are 420 MHz (ANSI standard, 28-GHz band) and 1008 MHz (ETSI standard, 26-and 28-GHz bands). Several access terminations (ATs), fitted with directive antennas, are connected to a radio node (RN) fitted with a 90 -sector antenna.
The typical deployment scheme is shown in Fig. 2 : at least two channels, used in both horizontal and vertical linear polarizations (frequency reuse of 2), are necessary for complete cellular coverage of a certain portion of territory. Each channel is represented by a letter, and the polarization ( ) is represented by the letter case (upper/lower). Each dark circle in Fig. 2 represents a central station (Hub) fitted with 4 RNs, each covering a square sector with a single channel and polarization, using a 90 sector antenna. Depending on local climatology, traffic requirements, and desired service quality and availability, the cell size (sector diagonal) may vary from 2 to 6-7 km.
Due to the cellular deployment, a certain C/I distribution is "built into" the system topology; this means that, in addition to the impact on the link availability, the rain attenuation also influences the quality-of-service by affecting the wanted signal (C) and the unwanted one (I) differently. It is therefore necessary to evaluate rain effects, both due to copolar and cross-polar signals, on the whole network. To do so, the spatial structure of rain must be necessarily considered.
III. THE EXPONENTIAL-CELL MODEL
Different statistical and physical rain models have been taken into consideration [1] , [2] . The model of choice was EXCELL [3] , a physical model validated in many years of rain observations through a meteorological radar [4] . Its particularly sound performance over scenarios with multiple links [1] made it a natural choice for point-to-multipoint analysis. According to EX-CELL, rain is modeled by a population of circularly symmetrical, exponentially profiled raincells (Fig. 3) . The path attenuation produced by each raincell is evaluated by integrating the specific attenuation (dB/km) over the path length; according to the well-known ITU-R procedure, can be related to the point rain rate (mm/h) through [5] :
where the parameters , depend on frequency, polarization, and elevation angle of the radio link and are given by [5] . According to [4] , the raincell distribution is then fitted to the local site-specific rain statistics. For each raincell, the point rain-rate at a distance (km) from the center is given by the following expression:
where is the peak rainfall intensity (at the center of the cell), defines the cell size, and , a constant parameter characterizing the climatic zone, is a small "raincell lowering" (introduced so that the surface of the rainy areas and the statistical cumulative distribution function (CDF) of the rainfall intensity do not diverge for approaching zero). The cell descriptors and characterize different types of raincells. The rain attenuation (dB) along each rainy path (the path traveled by the radiated signal through the raincell) can be calculated by integrating (1) along :
Notice that, differently from the EXCELL model version given in [3] , no rain is assumed outside the cell, i.e., for , where in (2)
The CDFs of both point rainfall intensity and attenuation depend on the single-cell characteristics , and on the spatial density of the cells (i.e., how many cells of given characteristics exist, in average, in the unit area). This latter parameter in particular is of primary importance and needs to be assessed not only for the theoretical estimation of the single-link attenuation statistics (as done in [3] ) but also for the numerical simulations presented in this paper.
For each raincell, the rain kernel areas (i.e., the area in which the rain-rate exceeds a certain prefixed value) must be first calculated; from (2) we easily obtain (km )
This quantity constitutes the individual contribution of each raincell to the overall rain statistics according to the following integral [3] : On the basis of experimental observations [3] , [4] , the EX-CELL model assumes for the spatial raincell density (number of cells per km and per unit range of and ) the mathematical expression (1/km ) (6) where , the average raincell radius, is given by [4] (km)
By substituting (6) and (4) in (5) and integrating with respect to , it can be shown that can be written as a function of the rain cumulative distribution function, and more precisely for (8) In integrating (5) with respect to , it must be considered that for mm/h the lower integration limit remains fixed to 5 mm/h, as no raincells with peak rain rate lower than this value are assumed to be present in the raincell population. If we substitute the attenuation kernel area, , for the rain kernel area , (5) above applies to the attenuation cumulative distribution function, (of course, the two-dimensional integration must include only the cells whose and will produce the attenuation ). Therefore, we are able to relate the spatial raincell density to the local and afterwards find . For we can use a log-power model, which is easily differentiable, such as (9) where , , and can be adjusted so that (7) fits the local long-term rain statistics. A table with appropriate values [6] for each "old" ITU-R rain zone is given in Table I . In general, is chosen so that % for mm/h, the generally accepted value for the overall probability in many places in Europe.
IV. THE RAINCELL SIMULATOR
Since the EXCELL model is based on a physical model of the meteorological process, it is possible to synthetically generate large amounts of rain events so that their cumulated statistics matches the long-term site-specific rain cumulative distribution function. Within each rain event, it is very simple to evaluate the attenuation due to each raincell on very complex wireless networks, such as the LMDS systems introduced in Section II.
Starting from (6) and (7) fitted to the local rain zone, a cell density is generated. The assignment of the raincells (random coordinates of the raincell centers within the area considered, each having a random "diameter"
and peak intensity ) is performed as follows. First, we fix a precision, meaning by this the rms relative fluctuation of the actual number of raincells we want to obtain over a set of realizations. Assuming that the raincell coordinates follow a two-dimensional Poisson law, we know from theory that . If a 10% precision is required, by imposing % (10) we obtain . If we want this requirement to be met for the class of with the least elements (the most critical one), we must assume a reference area for this class and impose that it is sufficiently large to contain 100 elements. This evidently implies (km ) (11) Once this area is determined, 100 couples of -coordinates (raincell centers) are randomly generated. These determine the presence in of a certain number of raincells, each having and . Imagining that the area considered in our performance simulation is internal to , we can find the fraction of the 100 raincells that lies inside the area itself. Of course, this procedure is repeated for all classes present in in order to find the total number of raincells, of whichever and , internal to the area considered. A sanity check of this simulator has been performed on the accumulated waterfall obtained by a large number of simulated rain events all over the European continent over a whole year. The accumulated rainfall obtained from the set of simulated events differed by only 0.16 m/year from the average measured accumulated rainfall value [7] .
V. MODEL FOR RAIN DEPOLARIZATION
The relations represented in Figs. 4 and 5 [8] have been used to relate the real part of the rain anisotropy to the rain attenuation and the imaginary part of the anisotropy to the real part of the anisotropy, respectively. Since most of the XPD-related studies found in literature concern satellite communications, some assumptions had to be made in order to apply such models to terrestrial microwave links, namely: water temperature equal to 0 C, oblate spheroidal-shaped raindrops, vertical symmetry axis, drop size distribution according to Marshall-Palmer, canting angle equal to 5 , water refraction index according to Ray's model, and scattering matrix according to Oguchi's model [9] .
VI. RESULTS
Performance analysis was carried out with a large number of simulated downlink (RN-to-AT) rain events over the reference network of Fig. 2 . The attenuation and depolarization levels of rain on the overall C/I cumulative distribution function were analyzed. Analysis was made at 26 and 40 GHz, in order to compare performances of present versus future frequency bands. Even though systems foreseen for the 40-GHz band will have different characteristics from what can be seen today at 26 GHz, the comparison has been made assuming the same system characteristics in both cases, so that only the effect of hydrometeors could be seen. Fig. 6 shows the overall comparison between "nonrainy" and "rainy" scenarios in terms of C/I ratio over the whole served area. As can be seen, the C/I ratio is almost everywhere better in rainy scenarios than in absence of rain, due to the fact that all interferers (cochannel copolar, cross-polar, and adjacent Fig. 6 . C/I cumulative distribution functions for the reference network at 26 (solid and dashed lines) and 40 GHz (dashed-dotted and dotted lines). The "no rain" curves correspond to simulations in which no superposition (total or partial) of raincells was verified over the area considered. The numbers in ordinate indicate the average fraction of the served area in which the value in abscissa is not exceeded. Fig. 7 . C/N ratio cumulative distribution functions for the reference network at 26 (solid and dashed lines) and 40 GHz (dashed-dotted and dotted lines). The "no rain" curves correspond to simulations in which no superposition (total or partial) of raincells was verified over the area considered. channel) always have to travel through a longer rainy path than the useful (victim) signal. This effect is accentuated at the higher frequency considered and can also be observed in the behavior of the C/N ratio (shown in Fig. 7 ). As can be seen, the C/N ratio can be of course greatly reduced in the presence of rain.
Concerning the effects of XPD, i.e., the degradation of the C/I ratio caused by the superimposition of cross-polar signals originated by the coupling with nearby sectors (see Fig. 2 ), it was found that the rain effects are dominated by the effects of the antennas in the range of interest (typically, C/I 25 dB) and can hardly be discriminated from these latter ones. This is consistent with results of similar studies performed on terrestrial microwave links [10] .
VII. CONCLUSION
An application of the EXCELL model to terrestrial microwave point-to-multipoint systems has been shown. Using the raincell simulator considered, it is possible to simulate synthetic rain events whose overall statistics honor any predetermined rain statistics. Each event models the physical aspects of rain attenuation and depolarization so that evaluation of rain effects on various radio link topologies can be made for each event. Both copolar and crosspolar effects were modeled, and the C/I and C/N ratios were evaluated for a large number of events. The results show that with the topology considered rain has a positive effect, if any, on interference. An interfering signal, be it copolar, crosspolar, or even adjacent channel, almost always has to travel a longer distance under rain than its victim. This is even truer at higher frequencies. A comparison on XPD effects alone was made, and for this type of terrestrial application it was shown that the performance of antennas, rather than rain effects, dominates the crosspolar discrimination characteristics of the system.
